Alternaria brassicicola causes black spot disease of cultivated Brassicas and has been used consistently as a necrotrophic fungal pathogen for studies with Arabidopsis. In A. brassicicola, mutant generation has been the most ratelimiting step for the functional analysis of individual genes due to low efficiency of both transformation and targeted integration. To improve the targeted gene disruption efficiency as well as to expedite gene disruption construct production, we used a short linear construct with minimal elements, an antibiotic resistance selectable marker gene, and a 250-to 600-bp-long partial target gene. The linear minimal element (LME) constructs consistently produced stable transformants for diverse categories of genes. Typically, 100% of the transformants were targeted gene disruption mutants when using the LME constructs, compared with inconsistent transformation and usually less than 10% targeted gene disruption with circular plasmid disruption constructs. Each mutant displayed a unique molecular signature thought to originate from endogenous exonuclease activities in fungal cells. Our data suggests that a DNA double-stranded break repair mechanism (DSBR) functions to increase targeting efficiency. This method is advantageous for high throughput gene disruption, overexpression, and reporter gene introduction within target genes, especially for asexual filamentous fungi where genetic approaches are unfavorable.
Complete genome sequences have been determined for over 100 model organisms, including the fungi Neurospora crassa, Aspergillus nidulans, and Candida albicans, to name a few (Galagan et al. 2003; Hynes 2003; Jones et al. 2004) . In addition, several plant-pathogenic fungal genome sequencing projects have been completed recently, including Magnaporthe grisea, Stagonospora nodorum, Sclerotinia sclerotiorum, and Fusarium graminearum. The completion of genome sequencing projects has led research communities to develop approaches and methodologies to explore gene function on a genome-wide scale. Characterization of gene expression patterns and transcriptional regulatory networks are common applications of functional genomics. In addition, disruption of several thousand genes is desirable as a part of functional analysis of individual genes or when identifying genes that contribute to a phenotype such as plant pathogenicity (Sweigard and Ebbole 2001) .
The imperfect filamentous fungus Alternaria brassicicola (Schwein, Wiltshire) causes black spot disease on a broad range of cultivated and weedy members within the Brassicaceae. Notably, A. brassicicola has been used as a true necrotrophic fungus for studies with Arabidopsis. Having genome sequences and functional methodologies developed for both plant and pathogen is advantageous for the elucidation of events occurring at the host-pathogen interface that ultimately determine the outcome of the interaction.
Targeted gene disruption or gene replacement, such as recombinational insertion of circular disruption constructs, recombinational replacement (Yang et al. 2004) , or transposon arrayed gene knockout (Adachi et al. 2002; Hamer et al. 2001; Lo et al. 2003) , is highly desirable for targeted mutational analysis in conjunction with a genome or large expressed sequence tag (EST) sequencing project. With the impending completion of the A. brassicicola genome sequencing project in 2006, development of high-efficiency gene disruption technology for functional analysis is critical for the identification of virulence factors. This technology also will be useful for identifying the functions of other genes of interest involved in a variety of biological processes.
Generation of gene disruption mutants is the most rate-limiting step for the functional analysis of individual genes in most filamentous fungi. Targeted gene disruption involves two separate processes, transformation of foreign DNA molecules into fungal cells and their integration into the genome. Even after successful transformation, very inefficient integration of disruption constructs is quite common among plant-associated filamentous fungi. For example, less than 1% of transformants were targeted gene disruption mutants in Septoria lycopersici when attempting to disrupt a tomatinase gene and in Acremonium chrysogenum to disrupt a transcription factor (MartinHernandez et al. 2000; Schmitt et al. 2004) . In contrast, Alternaria alternata has been shown to exhibit exceptionally high efficiency for transformation and targeted gene disruption by homologous recombination. Approximately 90 transformants were generated with 1 µg of plasmid construct that contained 3-kb-long rDNA cassette sequences whose sequences repeat over 200 times in the genome (Tsuge et al. 1990 ). Meanwhile, targeted gene disruption efficiency approached 100% for a melanin biosynthesis gene using linearized disruption constructs containing as short as 600 bp of target sequence (Shiotani and Tsuge 1995) .
A. brassicicola, in contrast to studies with other Alternaria spp., previously has been reported to exhibit very low efficiency for both transformation and targeted gene disruption. Yao and Köller (1995) reported a rare case of gene disruption in A. brassicicola for a cutinase gene cutab1. In this study, high-velocity microprojectiles (delivered via gene gun) were used to introduce circular plasmid constructs harboring a partial cutab1 cDNA into conidia. Two targeted gene mutants were identified out of 30 hygromycin B (hygB) resistant transformants, whereas a polyethylene glycol (PEG)-mediated protoplast transformation method failed to generate any transformants. In the present study, we adopted a relatively easy and economical PEG-mediated protoplast transformation method to disrupt the function of individual genes by targeted gene disruption with an unconventional linear construct composed of an antibiotic resistance selectable marker gene at one side and a partial target gene sequence at the other side. The utility of this approach for high-throughput gene disruption and overexpression of target genes in A. brassicicola is discussed.
RESULTS

PEG-mediated transformation of A. brassicicola protoplasts with circular plasmids.
Prior to initiating transformation experiments, we performed a hygB sensitivity assay and found that hygB in potato dextrose agar (PDA) media at 15 µg/ml was sufficient to abolish growth of A. brassicicola using several isolates of the fungus. Initial transformation experiments (PEG-mediated transformation of protoplasts) were performed using one isolate (ATCC34622) with various circular fungal transformation vectors, including pCB1636, pCB1004, pCT74, and pAN7-1 (Lorang et al. 2001; Punt et al. 1987; Sweigard et al. 1997) . In some experiments, vectors were linearized by cutting with an appropriate restricttion enzyme prior to transformation. Regardless of vector used, transformation efficiency using circular plasmids was extremely low, with typically less than three hygB-resistant transformants generated per microgram of plasmid when using between10 6 and 10 7 protoplasts (Table 1) . In general, linearization of these circular plasmids prior to transformation increased transformation efficiency only slightly.
Transformation efficiency was improved dramatically up to 10-fold in several cases with circular constructs using the pCB1636 vector harboring partial A. brassicicola gene sequences. Another isolate (ATCC96866) showed moderately high transformation efficiency with similar type constructs. However, targeting efficiency typically was less than 10% in both strains; thus, this approach was not suitable for highthroughput functional analysis of genes (Table 1) . To potentially increase transformation and gene disruption efficiency, we elected to use a shorter, linear, double-stranded polymerase chain reaction (PCR) product with minimal elements, including a hygB resistance gene cassette and the various target gene fragments in subsequent transformation attempts in lieu of using the entire circularized construct.
Linear minimal element constructs: new logic for fungal gene disruption.
There are several established methods to disrupt target genes using diverse constructs. A representative circular disruption construct contains an internal fragment of a target gene cloned together with a selectable marker gene in a plasmid vector (Fig. 1A) . A classic linear construct, represented by the replacement construct, flanks an antibiotic resistance or other appropriate selectable marker genes with two fragments representing 5′ and 3′ regions of a target gene (Fig. 1B) . Derivatives of replacement constructs have been widely used in diverse filamentous fungi to either replace short segments within a target gene with a selectable marker gene or disrupt a target gene (Bussink and Osmani 1999; Shah-Mahoney et al. 1997; Shiotani and Tsuge 1995; Voigt et al. 2005) . We generated a linear construct with a partial target gene at only one end and an antibiotic resistance selectable marker gene at the other end (Fig.  1C) , and designated this as a linear minimal element (LME) disruption construct to distinguish from other types of linear constructs. Insertion of classic linear constructs by a single homologous recombination was reported as an undesirable side effect in several cases due to the circularization of the linear constructs after transformation (Bussink and Osmani 1999; Shah-Mahoney et al. 1997; Yang et al. 2004) . In contrast, if the LME construct were circularized efficiently in the cell, gene disruption might occur by a single homologous recombination (Fig. 1C) .
Transformation and targeted gene disruption efficiency using LME constructs.
We created over 20 individual disruption constructs, using the pCB1636 vector harboring partial cDNA sequences corresponding to A. brassicicola genes identified in various cDNA libraries from our laboratory, to ultimately evaluate their role in pathogenicity (Table 2) . We produced LME disruption constructs by PCR-based amplification of the gene-specific fragments and the hygB resistance gene cassette with M13 forward and M13 reverse primers using plasmid constructs as template DNA.
To establish a new gene disruption method, we transformed the LME constructs primarily into an A. brassicicola isolate (ATCC96866) and several other isolates. Importantly, the whole genome draft sequence currently is being determined for the ATCC 96866 isolate. We tested LME constructs to disrupt genes encoding putative toxic proteins, hydrolytic enzymes, a signaling pathway component, a transcription factor, and an essential protein ( Table 2) . Numbers of transformants generated in these experiments ranged from 3 to 40 that emerged within 2 weeks on the selection plate for each gene except an essential gene (Table 2) . Additional transformants surfaced after 16 days. Late-emerging transformants were not counted in this study because previously emerged colonies grew too large and overlapped the late-emerging colonies. On average, 15 transformants emerged within 16 days when we transformed 10 µg of LME disruption constructs in 4 × 10 6 protoplasts with an optimized protocol.
We obtained 100% gene disruption efficiency according to PCR and Southern hybridization experiments in most of these experiments (see next section). In addition, no evidence of ectopic insertion was observed in the vast majority of targeted gene disruption mutants. One or two rounds of single-spore isolation on PDA media containing hygB were sufficient to purify mutants and eliminate contamination with wild-type nuclei. After the protocol was optimized, we transformed two additional isolates (ATCC36422 and AB7) to find comparably high (100%) targeted gene disruption efficiency for three genes (Table 2). In addition, we encountered extremely high transformation efficiency using the AB7 isolate and we currently are testing the reproducibility of this result.
We qualitatively assessed stability of gene disruption mutants after one round of single-spore isolation with isolate ATCC96866. Three different hygB-resistant mutants for genes predicted to encode an fus3 MAP kinase, chymotrypsin, and Nacetylglucosaminidase were cultured on PDA media lacking hygB for approximately 1 week, and hyphal tips were repeatedly transferred on to new PDA plates. The repeated subculturing on PDA media did not change hygB resistance of the disruption mutants during the repeated hyphal tip transfers, even after five times. After isolation of new conidia produced during late stages of plant infection, we also tested growth ability of mutant conidia on hygB-containing PDA media several times with over 10 different mutants. In every case, recovered spores remained highly resistant to hygB at the levels used in our studies. Thus, we strongly believe that this transformation method produces highly stable, hygB-resistant transformants.
Mode of targeted gene disruption using LME constructs.
Here, we describe molecular data with two genes predicted to encode chymotrypsin and N-acetylglucosaminidase to support efficiency and mode of gene disruption. For the gene predicted to encode a chymotrypsin-like enzyme, we randomly examined 5 of 10 hygB-resistant transformants generated with an LME disruption construct harboring a partial gene sequence. Following one round of single-spore isolation, we found that four of them were targeted gene disruption mutants, whereas one maintained the target gene intact based on PCR examination (Fig  2A) . Thus, the transforming DNA in this case was inserted ectopically. In three of four chymotrypsin gene disruption mutants, there were two incomplete gene sequences flanking the hygB resistance cassette. Template genomic DNA isolated from one of the four disruption mutants generated PCR products from only one primer pair (Fig 2A, lane 5) , suggesting molecular differences from other mutants (examples shown below).
We examined nine randomly selected hygB-resistant transformants generated with an appropriately designed LME disruption construct and following single spore isolation for another gene predicted to encode N-acetylglucosaminidase. Interestingly, disruption mutants generated with this construct showed at least four PCR amplification patterns (Fig 2B) . Three of nine transformants (designated ace2, ace5, and ace6) produced PCR products ( Fig 2B) and Southern hybridization patterns that would be expected from a mutant with a single-copy insertion of an LME construct in the target gene (Fig 3) . The other six transformants also produced PCR products and Southern hybridization results expected from targeted gene disruption mutants in principle, but they presented unusual features. For example, PCR and Southern hybridization patterns generated from ace1 and ace7 genomic DNA indicated 3 and >10 copies of insertion of the LME constructs in the target gene, respectively. Interestingly, three transformants (ace3, ace4, and ace9) showed smaller amplifica- Fig. 2 . Verification of targeted gene disruption by polymerase chain reaction (PCR) for A, chymotrypsin gene and B, N-acetylglucosaminidase gene. PCR amplification was performed with two pairs of target genespecific and hygB resistance gene primers (top two panels) and a pair of solely gene-specific primers (bottom panel). Relative primer binding locations are marked below the schematic diagram of the disrupted target gene on the left side of gel images. The diagrams were drawn with a hypothesis that the target gene was disrupted via single homologous recombination with a circularized linear minimal element (LME) construct. Band sizes corresponding to three mutants (ace2, ace5, and ace6) were similar to the expected ones based on a single copy insertion of an LME construct. Notice variation in PCR product size corresponding to other mutants. Hatched box = a selectable marker gene, white box = a target genomic locus, and gray box = partial target gene. Weak bands on the third panel for the N-acetylglucosaminidase gene are due to minor contamination of wildtype nuclei or heterokaryons. These were undetected by Southern hybridizations even after an extreme exposure. Amplification was performed with Taq polymerase for PCR reactions shown in the first five panels (top to bottom) and with Accuprime Taq (Invitrogen, Carlsbad, CA, U.S.A.) for reactions depicted in the last panel due to long (over 3 kb) expected product size. M = 1-kb molecular marker (NEB, Beverly, MA, U.S.A.). -acetylglucosaminidase genomic locus, the linear minimal element (LME) disruption construct, consisting of a 600-bp partial gene fragment (gray) and 1.5-kb hygB resistance gene cassette (hatched box), and a typical gene disruption mutant locus. The expected disruption mutant genomic locus diagram is based on a single homologous recombination occurring between the target gene and a circularized LME construct. P = PstI, X = XbaI, and H = HindIII. B, Southern hybridization of genomic DNA from N-acetylglucosaminidase disruption mutants (1 through 9) and wild type (w). Each DNA set was digested with PstI or XbaI. The blot was probed with digoxigeninlabeled partial target sequence contained in the disruption construct (gray box). All disruption mutants showed variation in band size compared with the wild type. Two mutants (ace2 and ace5) showed the banding patterns and sizes expected based on the schematic diagram (A). Loss of XbaI site is apparent for ace1, ace3, and ace9. Origin of relatively faint bands corresponding to ace9 was not able to be determined. Estimated size of DNA fragments were marked on left and based on 1-kb ladder (Fisher Scientific, Atlanta, GA, U.S.A.). tion products in PCR experiments than the first three single-insertion mutants (ace2, ace5, and ace6) (Fig 2B) . Southern blotting experiments revealed more complex hybridization patterns using genomic DNA isolated from ace3, ace4, and ace9 mutants compared with ace2, ace5, and ace6 (Fig 3B) .
We next determined DNA sequences of PCR products at the target gene locus (Fig 2B) amplified from genomic DNA extracted from the individual mutants to verify arrangement and sequence length of the target gene and the LME construct. These PCR products were amplified using two pairs of gene specific primers; thus, hygB resistance-gene-specific primers would amplify the genomic locus harboring the LME construct. DNA sequencing of PCR products revealed typical arrangement of a genomic locus that has undergone a single homologous recombination with a circular disruption plasmid (Fig. 4) . Noticeably, the M13F and M13R side vector sequences existed facing away from each other in mutants. Collectively, these observations strongly suggested that the target gene disruption occurred by homologous recombination with a circularized LME construct.
Consistent with the PCR and Southern hybridization results, length variation among mutants solely originated from deletions at the ends of LME constructs (Fig. 4) . Sequence lengths in all mutants were shorter than the expected size, ranging from 38-to 667-bp deletions. Based on characterization of the 14 transformants, it is apparent that targeted gene disruption by homologous recombination is a predominant mechanism over ectopic insertion of the LME constructs. Finally, endogenous exonuclease digestion and circularization of LME constructs appears to precede the homologous recombination.
Application of LME constructs: green fluorescent protein tagging of mutants and targeted gene overexpression mutants.
The LME disruption constructs consistently produced targeted gene disruption mutants for various genes with close to 100% efficiency. We used the same method to tag the mutants with green fluorescent protein (GFP) gene simultaneously during the targeted gene disruption process. We added a 1,345-bplong GFP expression cassette in front of the N-acetylglucosaminidase disruption constructs (Fig. 5, diagram) . Over 10 transformants were produced in approximately 11 days. Because we knew the targeted gene disruption efficiency was close to 100%, we examined two of the early emerging transformants to find both targeted gene disruption mutants (data not shown). The GFP was expressed constitutively due to the ToxA promoter at the 5′ side of the GFP coding gene (Lorang et al. 2001 ). The mutants were subjected to visualization with a fluorescence microscope. N-acetylglucosaminidase mutants made the typical appressoria like structure during plant infection (Fig. 5,  right) , but not during saprophytic growth on a PDA plate (Fig.  5, left) .
Furthermore, we tested a novel possibility of using the LME construct approach to overexpress target genes. We made new LME constructs for the N-acetylglucosaminidase gene with a new antibiotic-resistant selectable marker gene (nourseothricin acetyltransferase) under control of the OliC promoter. In addition to this cassette, constructs contained two constitutive promoters (TrpC and ToxA) followed by the start codon of the Nacetylglucosaminidase gene (Fig. 6, diagram) . We transformed PCR products corresponding to the 3.8-kb-long LME overex- Fig. 4 . Schematic diagram of targeted gene disruption with linear minimal element (LME) construct. Vector fragment at both ends of the initial construct is marked with F and R (M13 forward and reverse priming sites) with sequence directions (arrows). The length (bp) of vector sequence is shown at three locations (90, 10, and 80). The symbol (expd) represents targeted gene disruption by a single homologous recombination between a circularized LME construct and the target gene, whereas others show gene organization of actual mutants based on three lines of evidence: polymerase chain reaction (PCR) product size, Southern hybridization banding patterns, and sequence verification of PCR products for all except ace9. The ace9 diagram is based solely on PCR product size and sequence information. A short vertical line in the diagram of mutants is a boundary between both ends of vector fragment. The distance between the vertical line and adjacent boxes represents the length of nucleotides present. The extent (base pairs) of nucleotide deletion at M13F and M13R sides is depicted on far right. The symbol ( ) indicates probable presence of restriction enzyme site that was not experimentally tested. Abbreviations: H = HindIII, X = XbaI, and P = PstI. pression construct generated with M13 forward and M13 reverse primers. We acquired 34 transformants from a single transformation experiment (Table 2) . We examined RNA expression levels for the target gene with eight transformants in A. brassicicola wild-type background in the order of emergence from the transformation plates. According to the real-time quantitative reverse transcription PCR, three of six mutants expressed 10-to 20-fold more transcripts, whereas others produced approximately threefold or similar amounts of transcripts compared with the wild type (Fig. 6A) . The same overexpression construct was used to transform A. alternata to produce 15 transformants. Three of eight examined transformants produced 25-to 30-fold more transcripts than the A. alternata wild type (Fig. 6B) .
DISCUSSION
The combination of partial target gene sequences disrupted by vector sequences as well as the orientation of vector sequences in transformants indicates that targeted gene disruption in our system was accomplished by a single homologous recombination preceded by circularization of the linear construct, and not by nonhomologous DNA end joining (Convery et al. 2005; Critchlow and Jackson 1998; Pastink et al. 2001) . We hypothesize that multiple steps of enzymatic activity occur during the incorporation of the disruption construct into the genome. From our data, we inferred that endogenous exonucleases are involved in the gradual digestion of linear constructs from both ends, followed by intramolecular ligation to make circular DNA (Fig. 7) . In three (ace1, ace7, and ace8) of nine mutants for N-acetylglucosaminidase gene mutants, intermolecular ligation preceded intramolecular ligation, although we do not rule out a possibility of multiple homologous recombination events. However, none of these complications affect the production of targeted KO mutants to a great degree and should not be considered problematic.
With the LME constructs consisting of minimal components, we were able to produce transformants in every trial with approximately 20 genes. We were able to generate approximately 15 transformants per construct with 10 µg of purified PCR products in approximately 4 × 10 6 protoplast with an optimized protocol in three A. brassicicola isolates tested. Targeted gene disruption efficiency was improved dramatically with the LME constructs compared with standard plasmid disruption constructs. These results may be attributed to the small size of the linear constructs or intrinsic differences between plasmids and linear DNA. The typical minimal linear construct (2 kb) is approximately threefold smaller than the plasmid (5.5 kb) used in this study. Alternatively, the linear DNA might enhance both transformation and targeted gene disruption efficiencies as shown in A. alternata (Shiotani and Tsuge 1995) due to uncharacterized reasons. However, substantial differences in transfor- mation efficiency were not observed between LME and plasmids disruption constructs. The major difference observed between the two methods was in reliable targeting efficiency.
In most cases, gene disruption efficiency was 100% in three A. brassicicola isolates with the LME disruption construct. Importantly, the majority of mutants contain a single copy of transforming DNA. Our results show greatly increased efficiency compared with examples of approximately 40% gene disruption efficiency in other systems with either Agrobacterium-mediated transformation or transposon-mediated library construction (Adachi et al. 2002; Hamer et al. 2001; Mullins et al. 2001; Zwiers and De Waard 2001) . Moreover, our results are comparable with the targeted gene disruption efficiency of N. crassa in nonhomologous DNA end-joining machinery mutant background (Ninomiya et al. 2004) and Alternaria alternata with linearized disruption constructs (Shiotani and Tsuge 1995) . Although both examples showed 100% gene targeting efficiency, the LME disruption method has merits over them in its simplicity to create the constructs and isolate pure mutants, and in the tendency of a single-copy insertion of the disruption constructs into the genome. In addition, similar constructs are applicable to generate GFP-tagged disruption mutants (Fig. 5 ) and targeted-gene overexpressing mutants (Fig. 6) . The former could be useful, for example, when examining interactions of mutants with host plants in downstream pathogenicity assays, whereas the latter could be useful for complementation of preexisting mutants or identification of subtle virulence factors through a gain of function approach.
This method is applicable for the integration of EST or genome sequence information with the functional analysis of each gene by a reverse genetics approach. Combined with PCR-based construct generation (Yang et al. 2004 ), it appears possible to use LME constructs for an initial high-throughput screen to study the effect of individual genes on biological functions. It is conceivable to make a synthetic oligo library for every single gene identified in silico (Cho and Walbot 2001) , followed by PCR amplification of the target gene with a selectable marker gene.
In this study, we have described a relatively straightforward, extremely efficient method for disrupting genes in A. brassicicola. This approach appears quite suitable for development of a high-throughput functional genomics platform for analyzing gene function in an organism whose genome sequence is soon to be made publicly available. Other than the role of host-specific fungal toxins in pathogenesis, our basic understanding of the subtleties underlying interactions of plants with necrotrophic fungi is still in its infancy. For example, it is becoming apparent that only specific gene family members encoding secreted plant cell wall-degrading enzymes are required for full virulence of necrotrophs such as A. alternata and Botrytis cinerea on specific plants and plant parts (Isshiki et al. 2001; Kars et al. 2005) . The high-throughput approach described here will allow for the systematic functional analysis of large sets of candidate genes such as those predicted to encode cell wall-degrading enzymes and other genes of interest identified through bioinformatic analysis of the A. brassicicola genome sequence. In summary, the method reported here undoubtedly will aid in the identification of fungal proteins and secondary metabolites representing major players at the host-pathogen interface in both compatible interactions with cultivated Brassicas and various interactions with Arabidopsis ecotypes and mutants.
MATERIALS AND METHODS
Fungi.
A. brassicicola isolates ATCC34622, ATCC96866, and AB7 were used in this study. ATCC96866 is the isolate being sequenced. A. brassicicola was routinely cultured on PDA media (Difco, Kansas City, MO, U.S.A.). A. alternata isolate ATCC11680 was used in this study.
Generation of disruption constructs.
Based on the cDNA sequence, two primers with an enzymatic site at each end were designed to amplify a 250-to 500-bp fragment within the coding region of each gene. DNA sequences corresponding to genes used in this study are available upon request from C. B. Lawrence. PCR products were digested with the two endonucleases and ligated into the multiple cloning site of pCB1636 plasmid (Sweigard et al. 1995) . The plasmid construct was transformed in Escherichia coli DH5α (Invitrogen, Carlsbad, CA, U.S.A.) to produce over 10 µg of plasmid. The plasmid constructs were sequenced to verify the presence of target gene sequences in the vector. These constructs were used in either transformation experiments in their circular form or PCR reactions to generate linear DNA. Constructs were used as template DNA to amplify between M13 forward and M13 reverse priming sites that contained the hygB phosphotransferase gene under control of the trpC fungal promoter and the cloned partial targeted gene. The PCR products were purified with the PCR Clean Up kit (Qiagen, Palo Alto, CA, U.S.A.) and further concentrated to a concentration of 1 µg/µl in a Speedvac (Eppendorf, Barkhausenweg, Germany).
GFP-tagged construct and overexpression constructs.
To make GFP-tagged LME disruption constructs, we added GFP cassettes in front of hygB resistance cassettes (Fig. 5) . The GFP cassettes containing ToxA promoter and a GFP coding gene were amplified with primers 5′-acggggtaccTTGGAATG Fig. 7 . Model of the molecular mechanism of targeted gene disruption via homologous recombination with a linear minimal element (LME) disruption construct. All enzyme reactions were inferred to occur in the fungal cells (protoplasts) after DNA uptake.
CATGGAGGAGT-3′ and 5′-ttatctcgagTTGCGCGCTATATTT TGTTTT-3′ using pCT74 as template DNA (Lorang et al. 2001) . The PCR products were digested with XhoI and KpnI and cloned in pCB-Nac to make plasmid pCB16G6-Nac. Cloning and plasmid production were performed as described in the previous section. A fragment containing GFP cassettes, Hyg cassettes, and partial N-acetylglucossaminidase (GFP-tagged LME disruption constructs) was amplified using pCB16G6-Nac as template DNA with M13 forward and M13 reverse primers. The PCR products were transformed in wild-type A. brassicicola to make GFP-tagged N-acetylglucosaminidase disruption mutants.
An LME overexpression cassette for N-acetylglucosaminidase was made by cloning Nourseothricin-resistant cassettes, two constitutive promoters, and partial target gene in pBluscript II SK(-), at SpeI and PstI sites, HindIII and XbaI sites, and ApaI and XhoI sites, respectively. Nourseothricin cassettes were amplified with primers 5′-GTGCACTAGTTCA TTCTAGCTTGCGGTCCT-3′ and 5′-ACATCCACGGGACTT GAGAC-3′ using pNR as template DNA (Malonek et al. 2004 ). ToxA and TrpC promoters were amplified with primers 5′-GGC TCTCGAGTTTGGATGCTTGGGTAGAATAG-3′ and 5′-TT GCTAAGCTTGGCCTATATTCATTCATTGTCAGC-3′ using pCT74 as template DNA (Lorang et al., 2001) . Partial sequence of N-acetyl glucosaminidase was amplified with primers 5′-ACAACTCGAGCAGCAATGCGCGATTTCATA-3′ and 5′-AGGTGGGCCCTACGCCGTCTGGTTCAAATAC-3′) using A. brassicicola genomic DNA from the start codon.
A. brassicicola transformation.
Transformation was carried out with either plasmid disruption constructs or linear PCR products based on the transformation protocol of A. alternata (Akamatsu et al. 1997) , with modifications. Approximately 5 × 10 6 fungal conidia were harvested from a PDA culture plate and inoculated into 50 ml of GYEB (1% glucose and 0.5% yeast extract) media. They were cultured for 36 h with shaking at 100 rpm at 25ºC. The mycelia were harvested by centrifugation at 2,000 × g for 5 min and washed with 0.7 M NaCl followed by centrifugation again under the same conditions as before. The mycelia were digested in 6 ml of Kitalase (Wako Chemicals, Richmond, VA, U.S.A.) at 10 mg/ml in 0.7 M NaCl for 3 to 4 h at 28ºC with constant shaking at 110 rpm. The protoplasts were collected by centrifugation at 700 × g for 10 min at 4ºC, washed twice with 10 ml of 0.7 M NaCl and then with 10 ml of STC buffer (1 M Sorbitol, 50 mM Tris-HCL, pH 8.0, and 50 mM CaCl 2 ). The protoplasts were resuspended in STC at a concentration of 4 × 10 6 in 70 µl, after which 10 µg of plasmid or PCR products in 10 µl of ddH 2 O was added to the protoplast and gently mixed. The transformation mix was incubated on ice for 30 min. Heat shock transformation was performed by incubating the transformation mixture at 42ºC for 2 to 10 min. The transformation mix was incubated at room temperature after the addition of 800 µl of 40% PEG solution. Then, 200 µl of the transformation mixture was added to 25 ml of molten regeneration medium (1 M sucrose, 0.5% yeast extract, 0.5% casein amino acids, and 1% agar,) in a 50-ml tube and subsequently poured into a 100-by-15-mm petri dish. After 24 h, the plates were overlaid with 25 ml of hygB (Sigma-Aldrich, St. Louis, U.S.A.) containing PDA at 30 µg/ml. Individual hygBresistant transformants were transferred to a fresh hygB-containing plate between 10 and 15 days after each transformation. Each transformant was purified further by transferring a single spore to a fresh hygB-containing plate.
DNA isolation.
Total genomic DNA from A. brassicicola was extracted using a phenol-chloroform extraction method. Fungi were grown for 2 to 3 days in 50 ml of GYEB media. Approximately 0.2 g of mycelia was harvested and filtered with Miracloth (Calbiochem, Darmstadt, Germany), semi-dried with paper towels, and ground into fine powder with a mortar and pestle in the presence of liquid nitrogen. The samples were mixed with 1 ml of extraction buffer (0.7 M NaCl, 1% cetyltrimethylammonium bromide, 50 mM Tris-HCL, pH8.0, and 10 mM EDTA) and 10 µl of RNAse A (Sigma-Aldrich) at 100 mg/ml and incubated at 60ºC for 30 min. Water (1 ml) was added to the tube and extracted with 2 ml of Tris-saturated phenol, followed by chloroform extraction. DNA was separated from the solution by adding an equal volume of cold ethanol to the upper phase. DNA was transferred with a plastic stick to a clean tube and washed with 70% ethanol.
Mutant verification with PCR.
The genomic DNA was used for PCR verification of the disruption mutants with a gene-specific primer and a hygB genespecific primer, or two gene-specific primers outside of the disruption construct. A total of 30 ng of genomic DNA was used in each 20-µl PCR reaction in a GeneAmp PCR system 2700 thermocycler (ABI, Foster City, CA, U.S.A.). With the gene-specific and hygB-specific primers, PCR reactions were performed with Taq polymerase to amplify approximately 2.5 kb by 94ºC denaturation for 5 min followed by 30 cycles of 30 s of denaturation at 94ºC, 30 s of annealing at 55ºC, and 2 min of elongation at 72ºC. After the cycling reactions, the final elongation was performed at 72ºC for 7 min. With gene-specific primers only, PCR reactions were performed with AccuPrime Taq (Invitrogen) by 94ºC denaturation for 1.5 min followed by 30 cycles of 10 s of denaturation at 94ºC, 10 s of annealing at 55ºC, and 3.3 min of elongation at 68ºC. PCR products were size fractionated on 1% agarose gel by electrophoresis and visualized by ethidium bromide staining.
Southern hybridization analysis.
A total of 2 to 3 µg of genomic DNA was digested with selected enzymes purchased from New England BioLab (Beverly, MA, U.S.A.). The digested DNA was size fractionated on a 0.7% agarose gel, followed by transfer to Hybond N+ nylon membrane (Amersham, Piscataway, NJ, U.S.A.). DNA probes were synthesized using a PCR digoxigenin (DIG) Probe Synthesis Kit according to the manufacturer's manual (Roche Diagnostics, Mannheim, Germany). Hybridization of membranes was performed at 50ºC using the Block and Wash Buffer set according to the manufacturer's instructions (Roche Diagnostics). Membranes were washed in a final solution of 0.1× SSC (1× SSC is 0.15 M NaCl plus 0.015 M sodium citrate) and 0.1% sodium dodecyl sulfate at 68ºC. Chemiluminescent detection was used to develop the blots with CDP-Star using the DIG detection kit according to the manufacturer's instructtions (Roche Diagnostics).
Quantitative real-time PCR.
RNA was extracted from 0.1 g of mycelia grown in GYEB media using the Plant RNeasy kit (Qiagen). RNA samples were checked for quality on the Agilent Bioanalyzer 2100 (Agilent, Palo Alto, CA, U.S.A.). Then, 1 µg of total RNA was transcribed to cDNA in 20 µl using the Biorad I-script kit. Each cDNA was diluted 1:10, with 1 µl (5 ng of total RNA) used per reaction. Reactions consisted of 300 nM sense and antisense primers, 1 µl of diluted cDNA, and reverse transcriptase-grade PCR water to a final volume of 12.5 µl. SyBr-Green Supermix (Biorad, Hercules, CA, U.S.A.) was added to obtain a final running volume of 25 µl per reaction. Each reaction was run in triplicate for both the standard and unknown samples. Reactions were run under the following conditions in the Bio-rad I-cycler (Biorad): 95ºC denaturation for 3 min, 40 cycles of 95ºC for 10 s, 56ºC for 15 s, and 72ºC for 20 s to calculate cycle threshold values, followed by 95ºC for 1 min, 55ºC for 1 min, and 80 times of 55ºC for 10 s, increasing temperature by 0.5ºC each cycle to obtain melt curves and, subsequently, to enable data analyses. Standard curves were produced with purified amplified DNA products of 10 and 1 pg/µl and starting concentrations of 100, 10, and 1 fg/µl. A baseline subtracted curve fit was used to generate standard curve data. Absolute amounts of transcripts were calculated using a correlation coefficient formula generated from the standard curve in each run without length correction of 1.8-kb actual transcripts compared with 200-bp amplicons.
